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1.  Introduction 


Tungsten  based  alloys  have  received  significant  attention  as  a  potential  material  to  replace 
depleted  uranium  (DU)  in  kinetic  energy  penetrator  (KEP)  applications.  While  conventional 
tungsten  alloys  have  proven  to  be  a  viable  alternative  to  DU  with  respect  to  density,  strength,  and 
cost,  the  deformation  properties  at  ballistic  strain  rates  have  become  an  inhibiting  factor  for 
fielding  tungsten  as  a  material  for  DU  replacement.  The  research  of  Magness  (1-3)  has  shown 
that  conventional  tungsten  and  its  alloys  undergo  stable  plastic  flow  at  ballistic  strain  rates, 
which  causes  the  material  to  “mushroom”  when  interacting  with  the  target.  On  the  other  hand, 
DU  materials  that  are  typically  used  in  KEP  applications  achieve  unstable  deformation  at 
ballistic  rates  through  the  fonnation  of  adiabatic  shear  bands  (ASB.)  This  shear  localization 
causes  the  head  of  the  penetrator  to  slough  off  early  in  the  deformation  event  leading  to  a  “self 
sharpening”  behavior.  This  deformation  instability  ultimately  results  in  a  narrower  channel  and 
deeper  penetration  upon  interacting  with  the  target. 

There  have  been  many  attempts  to  create  the  deformation  instability  exhibited  in  ASB  in 
tungsten  and  its  alloys  through  the  use  of  highly  oriented  structures  (4,  5)  and  bulk  metallic 
glasses  (6).  However,  each  of  these  materials  has  a  penalty  with  regard  to  density  or 
performance  when  compared  with  DU.  Research  has  indicated  that  ultrafine  grained  (UFG) 
materials  may  demonstrate  shear  localization  regardless  of  the  defonnation  properties  of  their 
coarse  grained  counterparts  (7,  8).  The  shear  localization  that  occurs  in  UFG  materials  will 
occur  regardless  of  the  defonnation  rate  indicating  that  this  defonnation  mechanism  is  non- 
adiabatic  in  nature  as  opposed  to  the  adiabatic  mechanism  that  is  observed  in  DU  based  KEPs 
(9);  however,  this  should  result  in  the  same  performance  increase  in  ballistic  events.  This 
discovery  of  grain  size  affecting  the  propensity  for  shear  localization  has  spurred  significant 
research  into  the  development  of  UFG  tungsten  and  tungsten  alloys  to  achieve  the  deformation 
modes  necessary  to  match  DU’s  ballistic  perfonnance. 

Studies  by  Wei  et.  al  (10-12)  have  indicated  that  pure  tungsten  is  capable  of  achieving  shear 
localization  at  high  strain  rates  when  processed  via  a  “top-down”  severe  plastic  defonnation 
route.  These  samples  showed  localization  as  the  grain  size  approached  100  nm  though  the 
microstructure  was  heavily  textured  as  a  result  of  the  high  pressure  torsion  (HPT)  processing 
route  (13,  14).  While  this  demonstration  of  shear  localization  implies  that  tungsten  may  be  able 
to  achieve  DU  performance,  these  materials  have  never  been  tested  in  a  ballistic  event  as  a  result 
of  the  small  sample  sizes  and  geometries  that  result  from  HPT  and  are  incompatible  with  ballistic 
testing. 

Powder  metallurgy  processing  routes  have  shown  a  strong  potential  for  creating  UFG  tungsten 
alloys  that  are  capable  of  achieving  the  dimensions  necessary  for  ballistic  testing;  however,  the 
sintering  of  nanocrystalline  powders  typically  causes  significant  grain  growth  during 
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densification,  resulting  in  coarse  grained  microstructures  or  residual  porosity  in  the  final 
structure.  Recent  research  at  the  U.S.  Army  Research  Laboratory  (ARL)  has  demonstrated  that 
these  nanocrystalline  powders  may  be  able  to  achieve  some  degree  of  thermal  stability  through 
the  use  of  kinetic  pinning  agents  (15).  This  advent  allows  for  the  production  of  highly  dense 
structures  (90%-95%  of  theoretical  density)  with  minimal  grain  growth  resulting  in  a  bulk,  UFG 
microstructure  (100-400-nm  grain  size). 

While  these  materials  exhibit  very  high  strengths  and  densities,  residual  porosity  and  a  lack  of 
deformation  processing  creates  inherently  brittle  tungsten  that  is  prone  to  fracture  along  grain 
boundaries.  These  materials  typically  exhibit  a  ductile  to  brittle  transition  temperature  (DBTT) 
that  is  higher  than  room  temperature  and  are  therefore  unsuitable  for  ballistic  applications. 

While  thermomechanical  processing  of  tungsten  has  proven  effective  for  ductilizing 
conventional  tungsten  for  the  past  100  years  (16)  the  fine  microstructure  and  incredibly  fine,  well 
dispersed  porosity  of  this  ultrafine  tungsten  typically  results  in  brittle  fracture  even  at 
temperatures  as  high  as  1300  °C  leading  to  research  into  alternative  methods  for  ductilization. 
Rhenium  has  been  proven  very  effective  in  reducing  the  DBTT  of  tungsten  when  fonning  a  solid 
solution.  However,  there  is  still  some  debate  as  to  whether  this  enhanced  ductility  is  a  result  of 
improved  dislocation  mobility  (17,  18)  or  an  increased  solubility  for  interstitial  elements  (19,  20) 
that  tend  to  embrittle  grain  boundaries.  Also,  boron  has  demonstrated  its  effectiveness  in 
reducing  the  DBTT,  albeit  to  a  lesser  extent  than  rhenium,  by  improving  grain  boundary 
cohesion  (21,  22).  A  more  general  technique  for  ductilizing  nanocrystalline  materials  has  been 
developed  by  Wang  et.  al  (23).  The  creation  of  a  bi-modal  microstructure  can  improve  ductility 
without  sacrificing  much  of  the  mechanical  properties  driven  by  the  nanograined  phase.  Each 
ductilization  technique  was  applied  to  create  UFG  tungsten  based  alloys  that  are  suitable  for 
testing  in  the  as-sintered  state.  The  goal  of  this  research  was  to  outline  the  requirements  for 
demonstrating  shear  localization  in  as-sintered  powder  metallurgy  samples  of  various 
compositions.  Alloy  compositions  were  chosen  to  enhance  the  room  temperature  ductility  of  the 
test  specimens. 


2.  Experimental 


3 

Six  tungsten  alloy  samples  with  immersion  densities  varying  between  17.79  and  18.64  cm  ,  were 
selected  for  quasi-static  and  dynamic  compression  tests.  Each  sample  had  an  UFG  tungsten 
microstructure  but  varied  in  composition  depending  on  alloying  additions.  The  six  compositions 
chosen  were:  nominally  pure  nano-tungsten  (nW),  nano-tungsten  with  0.075  weight-percent 
boron  (nW-B),  a  bi-modal  grain  size  of  nano  and  4- pm  coarse  grained  tungsten  (nW-Bi  Modal) 
and  nano-tungsten  alloys  with  5,  10,  and  25  weight-percent  rhenium  (nW-5Re,  nW-lORe,  and 
nW-25Re)  respectively.  While  processing  parameters  were  designed  to  avoid  significant 
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microstructural  differences  between  samples,  process  variability  and  variations  in  chemical 
composition  ultimately  resulted  in  microstructural  defects  and  microcracking  in  some  specimens. 
Mechanical  test  specimens  (2-mm  cubes)  were  cut  from  each  sample  group  by  electrical 
discharge  machining  (EDM)  and  subsequently  polished  to  a  1  -um  finish  on  a  diamond  lapping 
wheel.  Some  specimens  were  tested  in  the  as-EDM  state  to  provide  evidence  for  comparison  of 
surface  finish. 

_ ‘j 

Low  strain-rate  (~1  x  10  /s)  compression  experiments  were  performed  with  an  Instron  model 
no.  1331  servo-hydraulic  load  frame  with  a  5000  lb  (22.2  kN)  load  cell  attached  to  measure 
force.  Specimen  deformation  was  measured  using  a  linear  variable  differential  transformer  to 
measure  cross-head  displacement  with  a  correction  to  adjust  for  machine  compliance. 

Specimens  were  loaded  between  polished  WC  platens,  which  remained  elastic  during  each 
experiment.  Interfaces  between  the  specimen  and  platens  were  lubricated  with  molybdenum 
disulfide  (M0S2)  grease  to  reduce  the  effects  of  friction.  All  experiments  were  performed  at 
room  temperature. 

High  rate  compression  experiments  (~  1  O  ’  to  1 04/ s)  were  perfonned  with  a  9. 5 -mm  diameter 
Vascomax  C350  steel  Split  Hopkinson  Bar  (SHB)  (24).  UFG  tungsten  tends  to  behave  in  a 
brittle  manner,  so  small  copper  pulse  shapers  were  used  to  ramp  the  incident  pulse  and  obtain 
better  data  over  what  is  essentially  linear  elastic  loading  to  failure.  As  with  the  low-rate 
experiments,  WC  platens  lubricated  with  M0S2  paste  were  used  on  the  loading  interface  of  each 
test  sample.  The  platens  are  impedance  matched  to  the  pressure  bars  to  minimize  the  effects  of 
wave  propagation.  All  data  analysis  includes  corrections  for  bar  wave  dispersion  (25,  26).  A 
DRS  Hadland  Imacon  200  high-speed  digital  camera  was  used  in  some  of  the  high-rate 
experiments  to  obtain  images  of  the  defonning  specimens. 

After  testing,  samples  were  imaged  using  an  Olympus  OSL300  confocal  microscope.  Samples 
were  also  sectioned,  mounted,  polished,  and  evaluated  using  a  Hitachi  4700  or  FEI  Nano600, 
high  resolution  scanning  electron  microscope  (HRSEM).  Grain  size  was  determined  by  linear 
intercept  method  analysis  and  backscatter  electron  (BSE)  scanning  electron  microscope  (SEM) 
images  were  taken  to  enhance  orientation  contrast  between  grains.  Hardness  values  were 
acquired  using  a  Clark  CM  400AT  Vickers  microhardness  indenter  with  a  500-g  load.  Hardness 
indents  were  subjected  to  further  evaluation  in  the  confocal  microscope  as  additional  evidence  of 
shear  localization  behavior.  A  Panalytical  MRD  Pro  system  was  used  to  perfonn  x-ray 
diffraction  (XRD)  analysis  on  sintered  samples  to  identify  phase  segregation  for  selected 
compositions. 
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3.  Results 


3.1  Microstructure 

The  microstructural  characteristics  of  each  sample  varied  considerably  as  a  result  of  composition 
and  variability  in  the  milling  and  sintering  conditions  for  each  material.  While  each  sample 
invariably  showed  an  UFG  microstructure,  there  were  significant  differences  with  respect  to  the 
average  grain  size  and  residual  porosity  in  each  sample.  The  BSE  SEM  micrographs  of  each 
sample  are  shown  in  figures  1  and  2. 


Figure  1.  BSE  micrographs  showing  the  microstructure  of  UFG  tungsten  samples  subjected  to  shear  localization 
tests. 


4 


>  9 


»  • 


^  • .  *:  • 

&  «  # 

_ 

•  t  4 

.  A  fl 
•  « 

nW-5Re 

« 

-• 

: 


»■  .  *  •  • 

•  '  •  •  -  •» 


nW-10Re 


r 


nW-Bi  Modal 


1  • 
*  * 


nW-25Re 


Figure  2.  BSE  micrographs  showing  the  microstructure  of  UFG  tungsten  samples  subjected  to  shear  localization 
tests. 

While  there  is  a  significant  difference  in  the  grain  size  and  morphology  between  samples,  there  is 
no  clear  distinction  between  microstructures  concerning  their  tendency  to  localize  in  a  high  strain 
rate  event.  In  the  nominally  pure  nano-tungsten  sample,  the  micrographs  show  a  fairly  large 
grain  size  compared  to  the  other  samples.  Lower  magnification  images  clearly  show  the 
presence  of  large  regions  with  contiguous  porosity  that  should  be  detrimental  to  achieving  a  high 
degree  of  ductility.  The  W-B  sample  shows  an  extremely  fine  grain  size  with  very  fine  and 
uniform  porosity.  While  microcracking  was  not  observed  in  these  micrographs,  some  cracking 
was  observed  on  the  polished  surfaces  of  compression  test  specimens,  which  may  have  resulted 
from  the  sintering  process.  The  bi-modal  tungsten  sample  shows  elongated,  coarse  grains  evenly 
distributed  throughout  the  sample  with  no  discernible  orientation  preference  for  the  coarse 
grains.  Fine  porosity  is  distributed  throughout  the  sample,  but  large  porous  regions  are 
concentrated  around  the  coarse  tungsten  grains.  This  microstructural  defect  may  reduce  the 
effectiveness  of  this  coarse  ductilizing  phase.  Each  of  the  tungsten  rhenium  samples  show  a 
uniform  UFG  microstructure  ranging  between  200  and  350  nm.  Unfortunately,  the  25%  rhenium 
sample  also  shows  some  segregation  between  the  tungsten  and  rhenium  phases  as  a  result  of 
incomplete  mechanical  alloying,  indicated  by  bright  rhenium-rich  regions  in  the  BSE 
micrographs.  This  type  of  segregation  is  usually  detrimental  to  the  material  properties  of 
tungsten-rhenium  alloys  as  it  reduces  the  local  concentration  of  rhenium  in  solution  and  may 
result  in  the  formation  of  a  brittle  a  phase  (WRe)  intermetallic.  This  intermetallic  compound 
was  detected  by  XRD  in  the  nW-25Re  sample,  but  this  was  not  observed  in  any  of  the  other 
rhenium  containing  samples. 
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3.2  Hardness 


Vickers  microhardness  tests  were  performed  to  determine  the  hardness  of  the  material.  Indents 
were  analyzed  to  determine  basic  information  regarding  the  deformation  behavior. 

Nanomaterials  exhibit  “pile  ups”  at  the  edge  of  the  indents  on  the  specimen  as  a  result  of  the 
shear  localization  process  that  occurs  at  fine  grain  sizes  indicating  a  transition  to  amorphous, 
glass-type  deformation  behavior  (27).  While  this  pile-up  effect  is  an  effective  demonstration  that 
the  material  could  localize  under  very  specific  loading  conditions,  it  does  not  demonstrate  that 
the  material  has  the  ductility  to  achieve  this  unstable  deformation  mode  without  fracture. 
Cracking  was  not  observed  around  any  of  the  hardness  indents.  Optical  micrographs  of  edge 
regions  in  microhardness  indents  are  shown  in  figure  3. 


Figure  3.  Optical  micrographs  of  hardness  deformation  region  adjacent  to  hardness  indent.  Pile-ups  appear  smooth 
and  homogeneous  in  each  of  the  samples  except  for  the  nW-B  material,  which  shows  small  ledges 
indicative  of  localization. 

Depth  profile  images  were  also  taken  with  the  confocal  microscope  to  analyze  variations  in  the 
height  of  pile-ups  for  each  specimen.  The  pile  up  height  was  determined  by  averaging  the 
deflection  of  the  pile  up  region  from  the  surface  of  the  sample  on  all  four  sides  of  the  indent. 
Results  for  the  depth  profile  imaging  are  shown  in  figure  4. 
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Figure  4.  Topographic  confocal  images  of  hardness  indents  showing  the  relative  height  of  the  specimen  as  a 
function  of  color. 


Although  there  are  a  number  of  factors  that  influence  the  height  of  a  pile-up  around  a 
microhardness  indent  (geometry  of  indenter,  residual  porosity,  size  and  depth  of  indent,  etc.)  the 
height  of  a  pile-up  can  help  to  indicate  the  extent  of  localized  defonnation  within  the  surface  of 
the  sample.  The  hardness  indents  shown  in  figures  3  and  4  indicate  that  each  sample  exhibits 
some  degree  of  pile-up  around  the  flat  edge  of  the  indent.  However,  only  the  nW-B  sample 
shows  the  obvious  ridges  that  are  characteristic  of  shear  localization  in  the  pile  up  region. 
Furthennore,  the  height  of  the  pile-up  region  in  the  nW-B  sample  is  nearly  double  that  of  all 
other  samples  tested.  The  lowest  recorded  pile-up  height,  indicative  of  homogeneous  plastic 
deformation,  was  recorded  in  samples  with  the  two  largest  grain  sizes. 

3.3  Mechanical  Testing  and  Post  Mortem  Analysis 

Compression  testing  was  performed  on  each  of  the  nano-tungsten  compositions.  A  minimum  of 
two  samples  of  each  composition  were  tested  in  quasi-static  and  dynamic  compression  tests; 
however,  the  nW-B  samples  failed  very  early  in  quasi-static  testing  and  only  dynamic 
compression  curves  are  shown  for  that  specimen.  The  nW-B  sample  exhibited  the  highest 
strength  of  any  material  while  the  nW-25Re  sample  demonstrated  the  highest  ductility  without 
cracking.  All  of  the  rhenium  containing  samples  showed  sufficient  ductility  to  survive  testing 
without  catastrophic  failure  and  demonstrated  shear  localization  in  both  high  and  low  rate 
compression  tests.  All  other  compositions  fractured  in  a  brittle  fashion  before  any  significant 
degree  of  plasticity  was  recorded.  Stress-strain  compression  curves  are  shown  for  each  of  the 
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samples  tested  and  post-mortem  imaging  was  perfonned  whenever  a  significantly  large  portion 
of  the  sample  remained  after  testing.  Each  of  the  post  mortem  images  was  taken  with  the  loading 
direction  aligned  horizontal  to  the  image  as  shown  in  figure  5. 


3.3.1  Nano-Tungsten 

A  brittle  fracture  mechanism  was  observed  in  each  of  the  nW  compression  tests.  Each  test 
registered  strengths  between  1.6-2. 4  GPa  as  shown  in  figure  6  with  brittle  fracture  occurring 
around  the  yield  point.  The  hardness  value  of  5.9  GPa  corresponds  nicely  with  these  results.  In 
SHB  compression  testing,  brittle  fracture  initiated  at  the  surface  of  the  specimen  near  the  loading 
platen  as  shown  in  figure  7.  Many  of  the  dynamic  and  quasi-static  compression  samples  failed 
catastrophically  into  a  coarse  dust.  The  observed  fracture  surface  shows  that  intergranular 
fracture  is  the  primary  mode  of  failure.  Nano-pores  are  clearly  visible  throughout  the 
microstructure  of  the  fractured  surface. 
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True  Strain 


Figure  6.  Quasi-static  and  dynamic  compression  test  curves  for  nominally  pure  nano-structured  tungsten  sample. 
Low-rate  tests  failed  into  several  pieces,  high-rate  compression  tests  fractured  into  coarse  dust. 


Figure  7.  Fracture  surface  of  nW  SHB  test  specimens 


3.3.2  Nano-Tungsten  with  Boron 

The  nano-tungsten  sample  with  boron  additions  (nW-B)  had  the  highest  hardness  and  smallest 
grain  size  of  any  of  the  specimens  tested;  however  there  was  significant  variability  in  the 
compressive  strength  of  each  specimen.  Each  of  the  quasi-static  compression  tests  failed  at 
extremely  low  stresses  and  it  was  discovered  that  surface  micro -cracking  may  have  played  a  role 
in  this  premature  failure.  Dynamic  compression  test  samples  varied  in  strength  from  2  to  4.2 
GPa  as  shown  in  figure  8.  Each  sample  failed  catastrophically  before  any  plastic  deformation 
was  realized  and  turned  into  a  coarse  sand.  Figure  9  shows  that  the  fracture  surface  of  these 
specimens  shows  that  failure  is  primarily  transgranular  in  nature,  although  some  intergranular 
failure  is  also  noted.  Significant  nano-porosity  appears  throughout  the  fracture  surface. 
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True  Strain 


Figure  8.  Dynamic  compression  test  curves  for  nano-tungsten  samples  with  boron  additions.  Low-rate  tests  failed 
at  very  low  strain  and  are  not  shown  above.  High  rate  #1  failed  into  two  large  pieces  with  fracture 
propagating  parallel  to  the  loading  direction.  All  other  samples  failed  into  several  coarse  pieces. 


Figure  9.  Fracture  surface  of  nW-B  SHB  test  specimens. 

3.3.3  Nano-Tungsten  with  Bi-modal  Distribution 

The  nano-tungsten  with  a  bi-modal  (nW-Bi  Modal)  distribution  demonstrated  a  slightly  higher 
strength  and  hardness  than  the  conventional  nanotungsten  material  with  strengths  ranging  from 
2. 5-3.0  GPa  as  shown  in  figure  10.  Compression  test  samples  failed  catastrophically  without 
achieving  any  noticeable  plastic  defonnation  and  the  specimens  were  collected  as  a  coarse  dust. 
Fracture  surfaces  show  many  regions  of  large  porosity  and  the  failure  mode  appears  to  be 
intergranular  throughout  the  entire  nano-tungsten  matrix.  A  significant  amount  of  porosity  was 
localized  around  the  coarse  particles,  but  the  failure  mode  appeared  to  be  predominantly 
transgranular  for  each  of  these  coarse  platelets  indicating  strong  cohesion  between  the  coarse 
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grains  and  the  nano-structured  matrix.  SEM  images  of  the  nW-Bi  Modal  sample  are  shown  in 
figure  1 1 . 


True  Strain 


Figure  10.  Quasi-static  and  dynamic  compression  test  curves  for  nano-tungsten  with  coarse  grain  additions  tungsten 
sample.  Each  specimen  failed  into  a  coarse  dust. 


Figure  11.  Fracture  surface  of  nW-Bi  Modal  SHB  test  specimens. 


3.3.4  Nano-Tungsten  with  5%  Rhenium 

The  nW-5Re  sample  had  strengths  ranging  from  2.5-3  GPa  in  compression  and  demonstrated 
strain  softening  behavior  in  each  of  the  mechanical  tests  as  shown  in  figure  12.  With  a  hardness 
value  of  6.38  GPa,  the  nW-5Re  samples  were  the  softest  rhenium  containing  samples  tested. 
While  each  of  the  samples  showed  signs  of  shear  localization,  most  of  the  samples  ultimately 
experienced  catastrophic  brittle  failure  and  fractured  into  several  large  pieces.  Some  of  the 
compression  test  samples  were  polished  with  alumina  to  a  I  -um  surface  finish,  while  other 


11 


samples  were  tested  with  their  original  EDM  surface  finish.  There  did  not  appear  to  be  any 
correlation  between  surface  finish  and  ductility  in  any  of  these  samples.  Figure  13  shows  SEM 
micrographs  of  a  sample  tested  at  high  strain  rates. 


True  Strain 


Figure  12.  Quasi-static  and  dynamic  compression  test  curves  for  nW-5Re.  Fligh-rate  samples  predominantly  failed 
catastrophically  into  several  large  pieces;  however  this  fracture  was  not  shown  in  the  in-situ  test  images 
acquired  during  loading  and  may  have  initiated  as  a  result  of  the  rebounding  and  second  loading  of  the 
SHB.  Low-rate  samples  did  not  fail  catastrophically. 


Figure  13.  Surface  of  nW-5Re  SHB  compression  test  samples  post  mortem,  (a)  Macroscopic  view  of  test 

specimen,  (b)  High  magnification  image  of  shear  localization  appearing  at  45°  to  the  loading  direction, 
(c)  High  magnification  image  of  combined  shear  localization  and  fracture  failure  mechanisms. 

The  nW-5Re  sample  clearly  demonstrated  brittle  fracture  in  addition  to  shear  localization.  Major 
cracking  occurred  parallel  to  the  loading  front  and  additional  micro-cracks  occurred  along  the 
edge  of  shear  bands  at  an  angle  of  45°  to  the  loading  direction.  It  is  unclear  whether  these  cracks 
in  high  strain  rate  specimens  occurred  during  initial  loading  of  the  specimen  as  stress  strain  data 
shows  that  the  specimen  was  intact  during  the  unloading  cycle.  Figure  14  shows  images  of  a 
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nW-5Re  sample  forming  shear  bands  during  SHB  testing.  The  tested  sample  does  not  show  any 
signs  of  brittle  fracture  during  the  initial  compression  and  the  stress-strain  curve  indicates  that 
the  sample  unloads  elastically. 


Figure  14.  In-situ  footage  of  shear  band  formation  in  nW-5Re.  Deformation  bands  at  45°  to  the  loading 
direction  are  visible  in  image  (c)  and  (d).  The  stress-strain  curve  shows  the  same  elastic 
response  during  the  loading  and  unloading  curve. 

While  shear  band  formation  was  clearly  visible  on  the  surface  of  the  specimen,  sectioning  and 
polishing  the  samples  after  testing  indicated  that  there  was  a  fairly  small  difference  between 
microstructures  inside  and  outside  of  the  heavily  defonned  region.  Figure  15  shows  the  polished 
surface  of  the  specimen  outside  and  inside  of  the  region  of  shear  localization.  The  localized 
region  shows  a  more  elongated  pore  structure  as  a  result  of  deformation.  Also,  the  contrast 
between  grains  in  the  backscatter  electron  micrograph  is  visibly  reduced  as  a  result  of 
deformation  and  crystal  disorientation  within  grains. 
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Figure  15.  BSE  images  of  a  polished  post  mortem  nW-5Re  sample,  (a)  Area  outside  of 
localization  region,  (b)  area  inside  of  localization  region. 


Quasi-static  compression  testing  also  resulted  in  shear  localization.  The  number  of  distinct  shear 
bands  was  significantly  greater  than  the  SHB  compression  samples  and  the  orientation  of  the 
shear  bands  varied  as  a  result  of  the  high  degree  of  strain  achieved  in  the  quasi-static 
compression  tests.  Cracking  was  observed  parallel  to  the  loading  direction  and  along  shear 
bands  in  the  same  manner  observed  in  the  dynamic  test  specimens.  Figure  16  shows  images  of 
the  localization  and  cracking  observed  in  the  low  rate  nW-5Re  test  samples. 


Figure  16.  SEM  images  of  quasi-static  compression  test  specimens. 

3.3.5  Nano-Tungsten  with  10%  Rhenium 

The  sample  containing  10  weight-percent  rhenium  (nW-lORe)  had  quasi-static  and  dynamic 
strengths  above  3  GPa  as  shown  in  figure  17  and  demonstrated  localization  in  each  of  the 
compression  tests  regardless  of  strain  rate.  Dynamic  compression  only  resulted  in  a  plastic  strain 
of  only  3%,  but  this  strain  was  sufficient  to  induce  definitive  shear  banding  in  the  specimen. 
Quasi-static  compression  tests  were  carried  out  to  nearly  30%  strain  without  catastrophic  failure. 
Each  compression  tested  sample  was  polished  to  a  I  -  um  surface  finish  prior  to  testing.  The 
hardness  of  the  nW-lORe  sample  registered  at  7.42  GPa.  Post  mortem  images  of  the  dynamic 
compression  sample  are  shown  in  figure  18. 
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Figure  17.  Quasi-static  and  dynamic  compression  test  curves  for  nW-lORe.  High-rate  #1  fractured  at  45°  to  the 
loading  direction  and  the  two  halves  continued  to  be  compressed.  High-rate  #2  demonstrated 
localization  at  45°  to  the  loading  direction  but  remained  intact  throughout  the  test. 


Figure  18.  Post  mortem  images  of  SHB  compression  test  samples  with  clear  evidence  of  shear  localization  at  45° 
to  the  loading  direction. 


Images  of  shear  localization  were  acquired  during  dynamic  testing  of  the  nW-lORe  sample. 
Although  the  sample  was  only  tested  to  -3%  plastic  strain,  the  specimen  showed  clear  evidence 
of  shear  localization  in  addition  to  strain  softening  during  the  SHB  compression  test  as  shown  in 
figure  19.  Each  of  the  compression  test  samples  remained  intact  after  testing. 
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Figure  19.  In-situ  imaging  of  shear  band  formation  in  nW-lORe  test  samples  during  SHB  compression 

testing.  Evidence  of  shear  band  formation  appears  immediately  after  the  yield  point  in  image  (b). 
Additional  strain  increases  the  visibility  of  the  initial  shear  band  and  kicks  off  an  orthogonal  band 
as  shown  in  image  (d). 

Samples  tested  at  quasi-static  compression  rates  also  exhibited  shear  localization  as  shown  in 
figure  20,  though  the  regions  of  shear  banding  were  more  diffuse  and  varied  slightly  from  the 
conventional  45°  angle  to  the  loading  direction.  This  may  have  been  a  result  of  high  strains 
achieved  (>30%)  in  quasi-static  compression.  Some  minor  cracking  occurred  parallel  to  the 
loading  direction;  however,  there  were  no  observed  cracks  along  the  length  of  the  shear  bands. 


Figure  20.  Images  of  nW-lORe  compression  specimens  tested  at  quasi-static  rates. 
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3.3.6  Nano-Tungsten  with  25%  Rhenium 

Nano-tungsten  samples  with  25  weight-percent  rhenium  (nW-25Re)  showed  compressive 
strengths  on  the  order  of  2.5  GPa  in  quasi-static  and  dynamic  testing  as  shown  in  figure  21. 

These  high  rhenium  content  samples  had  a  hardness  of  7.22  GPa.  All  of  the  samples  showed  a 
high  degree  of  ductility  in  quasi-static  and  dynamic  compression  tests,  achieving  greater  than 
25%  strain  without  fracture.  One  of  the  dynamic  test  samples  was  loaded  multiple  times  without 
catastrophic  failure.  Unfortunately,  none  of  the  dynamic  test  specimens  were  recovered  even 
though  they  survived  testing  without  fracture. 
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Figure  21.  Quasi-static  and  dynamic  compression  test  curves  for  nW-25Re.  All  specimens  remained  intact 
throughout  the  entire  test;  high-rate  #1  was  loaded  and  unloaded  three  separate  times. 

Quasi-static  compression  samples  showed  diffuse  shear  banding  similar  to  other  rhenium 
containing  samples,  though  there  were  no  signs  of  partial  cracking  in  any  of  these  specimens. 
Shear  band  direction  varied  slightly  from  the  conventional  45°  to  the  loading  direction,  which  is 
likely  a  result  of  the  significant  plastic  deformation  observed  in  each  specimen.  Shear  bands 
observed  perpendicular  to  the  loading  direction  are  the  result  of  shear  bands  observed  on 
orthogonal  surfaces  as  shown  in  figure  22. 
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Figure  22.  Images  of  nW-25Re  compression  specimens  tested  at  quasi-static  rates. 


4.  Summary  of  Results 


Each  of  the  samples  tested  had  an  ultra- fine  grained  microstructure  (<500  ntn)  and  a  density 
greater  than  17.8  cm  .  For  compression  test  specimens,  shear  localization  occurred  in  each  of  the 
samples  containing  rhenium,  which  is  presumably  a  result  of  the  enhanced  ductility  in  these 
samples.  Shear  localization  occurred  regardless  of  strain  rate  indicating  that  the  deformation 
mechanism  is  not  the  same  as  the  adiabatic  shear  banding  observed  in  depleted  uranium. 
Microhardness  testing  indicated  that  the  boron  containing  sample  had  a  higher  propensity  to 
shear  localize  than  any  of  the  other  specimens.  However,  this  material  did  not  have  sufficient 
ductility  to  observe  shear  banding  in  a  compression  event.  The  grain  sizes  in  the  nW  and  nW-Bi 
Modal  samples  were  significantly  larger  than  the  other  compositions  and  may  have  inhibited 
shear  band  formation.  A  table  summarizing  the  material  properties  and  the  results  of  mechanical 
testing  is  shown  in  table  1 . 


18 


Table  1.  Properties  of  nano-tungsten  samples  tested. 


Deformation 

Mechanism 

Sample 

ID 

Macro 

Defects 

Micro 

Defects 

Surface 

Finish 

Grain 

Size 

(nm) 

Immersion 

Density 

(cm3) 

Immersion 
%  Theo. 
Density 

(%) 

Hardness 

(GPa) 

No  Shear  Localization 

nW 

Possible 

Cracks 

Large  grains. 
Some  areas 
of  large 
porosity 
surrounded 
by  coarse 
grains. 

Polished 

435 

18.4 

95.2% 

5.92 

nW-B 

Cracks 

Present 

None 

Some 

Polished 

Some 

EDM 

163 

18.5 

95.9% 

10.29 

nW-Bi 

Modal 

No 

Visible 

Defects 

High  porosity 
regions 
surrounding 
coarse 
elongated 
particles. 

Polished 

421 

17.8 

92.2% 

6.07 

Shear  Localization 

nW- 

5Re 

No 

Visible 

Defects 

None 

Some 

Polished 

Some 

EDM 

321 

18.3 

94.7% 

6.38 

nW- 

lORe 

No 

Visible 

Defects 

Some  areas 
of  large  pores 
surrounded 
by  coarse 
grains. 

Polished 

285 

18.6 

96.6% 

7.42 

nW- 

25Re 

No 

Visible 

Defects 

Possible 
segregation 
of  sigma 
phase  present 
in  sample. 

Some 

Polished 

Some 

EDM 

222 

18.6 

96.4% 

7.22 
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5.  Discussion 


The  tendency  for  nanomaterials  to  shear  localize  is  strongly  dependent  on  the  underlying 
microstructure  of  the  specimen.  While  previous  research  studies  have  indicated  that  there  is  a 
critical  grain  size  necessary  to  achieve  localization,  there  are  many  other  microstructural  and 
material  properties  which  must  be  considered  to  determine  whether  deformation  will  occur  by 
brittle  fracture  or  shear  localization.  The  presence  of  cracking  and  macro-defects  prior  to 
deformation  is  a  strong  sign  that  the  material  will  behave  in  a  brittle  fashion  as  these  sites  create 
stress  risers  once  a  load  is  applied  to  the  sample.  It  would  be  expected  that  surface  finish  would 
also  play  a  critical  role  in  the  deformation  properties,  especially  in  the  case  of  EDM  surfaces 
where  there  is  significant  oxidation  and  micro-cracking  at  the  surface;  however,  the  tests 
conducted  in  this  study  showed  little  effect  from  surface  finish. 

Micro-defects  such  as  porosity  and  phase  segregation  will  also  play  a  critical  role  in  the 
deformation  properties  of  each  sample.  While  each  material  exhibits  some  degree  of  nano¬ 
porosity  as  a  result  of  incomplete  consolidation,  there  is  some  variation  with  respect  to  the  size, 
uniformity  and  contiguity  of  porosity  in  each  sample.  Sample  nW-B  had  the  finest  pores  with 
the  most  unifonn  distribution,  while  nW  had  the  largest  average  pore  diameter  and  exhibited 
some  degree  of  pore  contiguity.  Each  of  the  remaining  samples  had  similar  pore  sizes;  however 
nW-Bi  Modal  did  show  that  larger  pores  tended  to  concentrate  around  the  coarse  tungsten  phase. 
Some  phase  segregation  was  noted  in  the  nW-25Re  samples  and  XRD  analysis  was  able  to 
identify  the  presence  of  the  brittle  a  (WRe)  phase.  The  presence  of  sigma  phase  did  not  appear 
to  have  any  negative  influence  on  the  mechanical  properties  of  the  sample.  Furthennore,  the 
presence  of  a  di-tungsten  boride  (W2B)  phase  was  not  detected  in  the  nW-B  sample,  but  the  low 
concentration  of  boron  may  have  made  this  phase  undetectable  by  XRD  techniques. 

Although  there  was  some  significant  variation  in  microstructure,  hardness  values  were  fairly 
consistent  for  each  of  the  recorded  specimens  with  the  exception  of  the  nW-B  sample.  This 
deviation  is  likely  a  result  of  the  incredibly  fine  grain  size  (163  nm).  Strain  localization  was 
observed  around  hardness  indents  in  the  nW-B  samples;  however,  the  samples  did  not  have 
sufficient  ductility  to  show  strain  localization  in  bulk  compression  tests.  Each  of  the  rhenium 
containing  samples  localized  during  compression  testing  under  both  quasi-static  and  dynamic 
loading  conditions. 
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6.  Conclusions 


It  was  determined  that  hardness  tests  were  not  sufficient  for  predicting  localization  in  bulk 
compression  testing.  When  localization  occurred  in  quasi-static  and  dynamic  test  specimens,  it 
was  limited  to  samples  that  showed  appreciable  ductility  before  failure.  For  the  compositions 
that  did  exhibit  localization  in  compression  testing,  the  fact  that  this  localization  occurred  in  both 
the  quasi-static  and  dynamic  tests  is  further  confirmation  that  this  localization  is  a  result  of  the 
geometric  mechanism  that  is  typical  of  ultra  line  grained  structures  and  not  the  result  of  an 
adiabatic  softening  mechanism.  This  mechanism  requires  some  grain  boundary  sliding  and 
reorientation  prior  to  the  initiation  of  a  shear  band  and  is  therefore  strongly  dependent  on  the 
overall  ductility  of  the  material.  In  particular,  this  shear  banding  mechanism  relies  on  some 
compliance  in  the  grain  boundary  and  will  not  occur  in  samples  that  are  prone  to  brittle 
intergranular  fracture. 

This  research  demonstrated  the  first  reliable  shear  localization  in  a  high  density  (>18  cm  ) 
tungsten  based  alloy  produced  directly  from  powder  metallurgy  processes.  The  ability  to  shear 
localize  was  determined  to  be  a  function  of  the  grain  size  of  the  material,  as  supported  by 
previous  research,  as  well  as  the  ductility  of  the  sample.  Ductilization  of  nano-tungsten  was 
accomplished  through  the  addition  of  conventional  alloy  additions  that  demonstrated  their  ability 
to  lower  the  ductile  to  brittle  transition  temperature  of  coarse  grained  tungsten.  While  rhenium 
additions  were  most  effective  in  ductilizing  nano-tungsten,  the  full  benefit  of  boron  additions  and 
bi-tnodal  distributions  was  not  realized  as  a  result  of  the  presence  of  micro-defects  and  residual 
porosity  that  could  have  been  minimized  through  careful  process  control.  While  the  addition  of 
rhenium  is  simple  and  effective  for  ductilizing  tungsten  in  this  proof-of-principle  experiment, 
rhenium  is  an  extremely  expensive  alloy  addition  that  would  limit  use  to  all  but  a  few  niche 
applications.  Alternative  ductilization  methods  (i.e.,  deformation  processing)  must  be  used  to 
improve  the  deformation  behavior  of  nano-structured  tungsten  for  KEP  applications. 
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List  of  Symbols,  Abbreviations,  and  Acronyms 


ARL 

U.S.  Army  Research  Laboratory 

ASB 

adiabatic  shear  bands 

BSE 

backscatter  electron 

DBTT 

ductile  to  brittle  transition  temperature 

DU 

depleted  uranium 

EDM 

electrical  discharge  machine,  machining  (or  machined) 

HPT 

high  pressure  torsion 

HRSEM 

high  resolution  scanning  electron  microscope 

KEP 

kinetic  energy  penetrator 

MoS2 

molybdenum  disulfide 

nW 

nano-tungsten 

nW-lORe 

nano-tungsten  alloys  with  10  weight-percent  rhenium 

nW-25Re 

nano-tungsten  alloys  with  25  weight-percent  rhenium 

nW-5Re 

nano-tungsten  alloys  with  5  weight-percent  rhenium 

nW-B 

nano-tungsten  with  boron 

nW-Bi  Modal 

nano-tungsten  with  bi-modal  distribution 

SEM 

scanning  electron  microscope 

SHB 

Split  Hopkinson  Bar 

UFG 

ultrafine  grained 

w2b 

di-tungsten  boride 

XRD 

x-ray  diffraction 
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